This review deals with the isolation and chemical and biological characterization of phytotoxins produced by Ascochyta caulina and Phoma chenopodiicola proposed as mycoherbicides for the biological control of Chenopodium album, a worldwide spread weed which causes serious problems to some agrarian crops, including sugar beet and maize. Studies on the structure activity relationships and on the modes of actions of toxins isolated are also described, as well as the optimization of analytical methods focused on selection of the best fungal toxin producers. The attempts to scale up production of these phytotoxins aimed to obtain sufficient amounts for their application in greenhouse and field trials are also reported.
In the COST Action 816, 'Biological control of weeds in Europe', C. album was chosen as a target weed [4] . This collaboration was based on the work undertaken in the Netherlands where A. caulina was proposed for the biocontrol of C. album due to the virulence shown. The research has also been extended in a project funded within the Fourth Framework of the EU. The results coming from the COST Action studies, those obtained in the EU-project, and from two successive Italian Projects, as well as the research carried out on P. chenopodiicola phytotoxins, are summarised here.
Phytotoxins produced by A. caulina
Isolation and chemical characterization of ascaulitoxin, its aglycone and trans-4-aminoproline: Culture filtrates of A. caulina caused large necrotic spots surrounded by chlorosis when assayed on the punctured leaves of C. album [8] . The phytotoxins produced in vitro by A. caulina were hydrophilic and had a molecular weight lower than 1000 Da as ascertained by dialysis experiments [4] . The main phytotoxin, named ascaulitoxin (1, Scheme 1) was characterized using spectroscopic (essentially 1D and 2D NMR), FAB MS and chemical methods as the -D-gluocopyranoside of 2,4,7-triamino-5-hydroxy octandioic acid. It was a new N-glucoside of a very unusual bis-amino acid. The structure assigned to 1 was confirmed preparing two partially penta-(4 and 5, Scheme 1) and hexa-acetyl (6, Scheme 1) derivatives whose spectroscopic ( 1 H NMR) and HREI and FAB MS data were consistent with their structure and therefore with that assigned to the toxin [9] . Acetylation was carried out with pyridine and acetic anhydride at 90°C for 1 h and then left at room temperature for 4 days. The probable presence of a stable hydrogen bond between the C-4 NH 2 and the C-5 OH groups does not allow their acetylation.
The relative configuration of ascaulitoxin was assigned by NMR conformation analysis, using, for the first time, Murata's method [10] applied to a compound containing an amino group. The method based on the evaluation of the omo-( 3 J HH ) and hetero-( 2 J CH and 3 J CH ) nuclear coupling constants, in combination with ROESY allowed us to assign the relative configuration to ascaulitoxin as reported in Scheme 2 [11] .
The other toxin, named trans-4-aminoproline (2, Scheme 1), was characterized using the same spectroscopic methods. The structure was confirmed preparing the corresponding N 1 ,N 4 -ditosyl methyl ester derivative (7, Scheme 1) [12] , while the absolute configuration was determined using a synthetic procedure [13] . In fact, 7 showed different spectroscopic behaviour than the analog derivative of the cis-4-amino-L-proline, synthesized starting from the corresponding natural amino acid. Thus, the toxin is trans-4-aminoproline, which proved to be the D-enantiomer having an opposite optical specific rotation in respect to that reported for trans-4-amino-L-proline [14] .
The preliminary spectroscopic (essentially 1 H NMR) investigation of the third toxin showed that it should be 2,4,7-triamino-5hydroxyoctadioic acid (3, Scheme 1), the aglycone of ascaulitoxin. In fact, the latter obtained by hydrogen fluoride hydrolysis of ascaulitoxin, followed by purification by cation-exchange chromatography, showed spectroscopic ( 1 H and 13 C NMR), ESI MS and chromatographic (TLC and ionic chromatography) properties identical to those of the third toxin [14] . The finding of the N-glucoside of an atypical bis-amino acid was not surprising because non protein amino acids frequently occur as components of animals, higher plants, algae, and microorganisms, including fungi [15, 16] .
The 4-aminoprolines are well known as synthetic compounds [17, 18] , while this represents the first isolation of 2 as a naturally occurring compound.
Biological activities of ascaulitoxin and trans-4-aminoproline:
Ascaulitoxin and trans-4-aminoproline were assayed to evaluate their phytoxicity against different plants and other different biological activities. When assayed at 30 g per droplet on punctured leaves of host and non-host weeds and cultivated plants, ascaultitoxin showed different degrees of phytoxicity (Table 1) . It caused the appearance of necrotic spots surrounded by chlorosis on the leaves of C. album. Clear necrosis also appeared on weeds (common sowthistle, annual fleabane, noogoora burr, tree of Heaven,) and on cultivated plants (pea). On tomato and redroot pigweed the necrosis was still clear, but of reduced size. Assayed at 1 g/L on punctured leaves (Table  2 ) trans-4-aminoproline had a drastic effect on the host plant, causing the rapid appearance of large areas of necrosis around the puncture point. On other dicot leaves, the phytotoxicity varied from large necrotic areas (poppy, annual mercury, wild cucumber), through medium ones (tree of Haeven, tomato, common sowthistle), to small necrotic spots (black nightshade). An interesting aspect is the lack of toxicity when 2 was assayed on several cultivated (wheat, oat, barley) and wild (canarygrass, slender foxtail, wild oat) monocots.
Ascaulitoxin and trans-4-aminoproline did not show antifungal and antibacterial activities when assayed at up to 50 g per disk on Geotrichum candidum, Pseudomonas syringae sp. syringae and Escherichia coli. Furthermore, no zootoxicity was detected on brine shrimp larvae (Artemia salina L.) when testing the compounds at concentrations up to 40 g/mL in sea water [9, 12] . The toxin was assayed at concentration of 1 g/mL. The speed of symptom development varied between two and five days, depending on the species. b Phytoxicity index was determined on the following scale: +, necrosis (0-1 mm); ++, necrosis (1-3 mm); +++, necrosis (3-5 mm); ++++, necrosis (6-7 mm).
Mode of action of ascaulitoxin:
The mode of action of ascaulitoxin was studied on Lemna paucicostata. Ascaulitoxin is a potent growth inhibitor, with an IC 50 for growth of less than 1 M, and almost completely inhibiting growth at about 3 M. Its action is slow, starting with growth inhibition, followed by darker green fronds, and then chlorosis and death. Most amino acids, including non-toxic Biological control of Chenopodium album Natural Product Communications Vol. 10 (6) 2015 1121 non-protein amino acids, reversed the effect of the toxin when supplemented in the same medium. Supplemental sucrose slightly increased the activity. D-Amino acids were equally good inhibitors of ascaulitoxin activity, indicating that the amino acid effects may not be due to inhibition of amino acid synthesis. Oxaloacetate, the immediate precursor of aspartate, also reversed the activity. LC-MS did not detect interaction of the compound with lysine, an amino acid that strongly reversed the effect of the phytotoxin.
Metabolite profiling revealed that the toxin caused distinct changes in amino acids. Reduction in alanine, paralleled by enhanced levels of the branched chain amino acids valine, leucine and isoleucine and nearly unchanged levels of pyruvate, might indicate that the conversion of pyruvate to alanine is affected by ascaulitoxin aglycone. In addition, reduced levels of glutamate/glutamine and aspartate/asparagine might suggest that synthesis and interconversion reactions of these amino group donors are affected. However, neither alanine aminotransferase nor alanine glyoxylate aminotransferase were inhibited by the toxin in vitro. These observations might be explained by three hypotheses: (1) the toxin inhibits one or more aminotransferases not examined, (2) ascaulitoxin aglycone affects amino acid transporters, (3) ascaulitoxin aglycone is a protoxin that is converted in vivo to an aminotransferase inhibitor [19] .
Methods of qualitative and quantitative analysis of A. caulina toxins:
The positive characteristics of A. caulina toxins make them particularly interesting as natural and safe herbicides. From a technological point of view, the chemical characteristics of the toxins allow the development of a simple and fast process of toxins purification using cationic exchange chromatography. This can be performed using a resin easily regenerated and re-used, making the process inexpensive and potentially scalable to an industrial level (Scheme 3).
Scheme 3: Purification of A. caulina toxins by cation exchange chromatography.
Following this method, the three toxic metabolites (1, 2 and 3) were obtained in mixture as a yellow powder ( Figure 1 ) directly from the fungal culture filtrate in one step. The result is an easily manageable sample for treatments in laboratory, greenhouse and field applications.
The evaluation of the toxin content in the fungal culture filtrates, obtained in the different growth conditions, is essential for the optimization of the process of toxin production. Two methods previously developed for the analysis of these toxins proved to be not suitable for routine fast and inexpensive analysis. In effect, the first method was based on anionic chromatography [14] , requiring an unusual Dionex instrument coupled to an amperometric detector, a specific and expensive chromatographic column and solvents. The second one was based on the preliminary silylation of the toxins and successive analysis of these derivatives by GC-MS [20] . Also in this case the method was not rapid and suitable for large scale analyses. For these reasons a new method was developed, using simpler approaches such as HPLC associated with gel-filtration chromatography (Scheme 4). To optimize the analytical conditions, the toxins were purified from the mixture obtained by cationic exchange chromatography of the fungal culture filtrates following two successive steps of purifications by preparative TLC on reverse phase and silica gel. These pure metabolites were used as reference compounds for the identification of the relative peaks in the HPLC profile of the toxin mixture obtained from the standard A. caulina strain (AC1). The toxins were well separated by HPLC-gel filtration giving sharp peaks with retention times of 5.69, 6.53 and 8.74 min for 1, 2 and 3, respectively, using ultrapure H 2 O as eluent and UV-detection. This new method uses only pure H 2 O as solvent and an inexpensive column. The method appears suitable even for the analysis of toxins in trace amounts with detection limits in the range 0.001-0.0005 g. Furthermore, the toxins are eluted in a few minutes (between 5 and 9 min) and the method is extremely precise because overlaps of the toxin peaks with other metabolites have never been observed while the recovery of all three toxins was near to 100% [21] .
HPLC analysis
A further simplification of the method is the ease of purification of fungal culture filtrates by cationic exchange chromatography, using SPE columns and a suitable Visiprep Vacuum apparatus to give the corresponding toxin mixture (Scheme 5).
The mixture of toxins was analyzed by HPLC in the conditions reported above and the content of each of the three toxins was calculated using the corresponding calibration curve. The content of each toxin found in different culture filtrates, including those obtained from a bioreactor is reported in Table 3 . The total amount of toxin mixture obtained from cationic exchange chromatography slightly differs from the total amount of the three toxins determined by HPLC analysis, as the first contains at least one other basic metabolite yet to be identified. These data showed that the toxin mixture content is closely related to the fungal strain and within the [14] . The influence on the AC1 production of the culture medium and growth conditions was preliminarily considered. In general, shaking conditions seem to affect negatively the toxin production, compared with growth in static conditions. In shaking conditions, 139.4, 12.3 and 27.0 mg/L of 1, 2 and 3, respectively, were obtained while 206.3, 82.0 and 135.8, mg/L, respectively, were obtained for the static conditions. The addition of yeast extract to the medium used in the shaking conditions favoured the toxin production (238.7, 86.2 and 122.8 mg/L, for 1, 2 and 3, respectively). An apparent strong increase in the toxin mixture was observed when using PDB (Potato-Dextrose Broth) (a total of 888 mg/L compared with 425 mg/L for the standard conditions). However, in this case, only 350.5 mg/L of 1 was found, with the other two toxins absent or lower than the detection limit. In effect, the other metabolites contained in the toxin mixture were components of the culture medium, as shown by silica gel TLC analysis of the toxin mixture and the culture medium.
Scale up production of A. cualina toxins:
To optimize large-scale toxins production, the strain AC1 was also grown in a bioreactor [22] . Under these conditions, a substantial reduction in all three toxins was observed because, compared with the standard growth conditions, a yield of one fifth was observable as an average. A. caulina produces filamentous hyphae; when grown under static conditions, it colonizes the surface of the medium and produces a dense layer of mycelium. As expected, when grown in shaken conditions, the fungal growth was different; as from each germinating conidium a small mycelial hank is produced, which enlarges in diameter over time. It was not surprising that when grown in shaken conditions within the bioreactor the fungus behaved differently from when grown in a flask, as mixing of the medium results from the rotation of the internal blade [23] . Then, having shown the capability of this type of fungus to grow efficiently in a bioreactor, this process is already a very positive and promising step. Obviously, the system has to be deeply studied in order to optimize the best medium and cultural conditions, and then to maximize toxin production.
Finally, to increase the production of the toxins mixture for studies on their application in greenhouses and in the field against different weeds, to evaluate acute and chronic toxicities against algae, fish and earthworms, and its persistence in the environment, a scale-up of the production and purification on a large scale was developed. A glass column having a dimension larger (90 x 6 cm i.d.) than the standard ones was built for the purification of larger quantities of culture filtrates aimed to yield larger amounts of toxin mixture (Figure 1 ). This column allowed the purification in one step of 20 liters of fungal culture filtrates and collected only 1 liter of basic eluate containing the toxins.
It was then easily vacuum treated in order to remove ammonia, and then lyophilized, yielding 8.5 g of toxins. Furthermore, by calculating the exchange capacity of the column (9.6 equivalents) and the equivalent of toxins loaded (0.092 equivalent), it appeared that at least 90% of the resin was unused and could be exploited to purify a larger (about 9x) amount of the fungal culture filtrates [21] . Different tests have been performed in order both to increase the capacity of AC1 to produce the toxic mixture (e.g. with the use of additives), or to lower the costs of the substrates prepared (i.e. by using commercial substances rather than pure chemicals for the laboratory). The quantification of the toxins production was made using the HPLC method above illustrated, which was inexpensive, compared with the two methods previously reported [14, 20] .
An analysis of the composition and costs of the liquid medium routinely used in the laboratory for the growth of AC1 showed that the 3 main components affecting the overall costs of the substrate are sucrose, ammonium tartrate and magnesium sulfate, by 67, 24 and 6%, respectively. The successful use of similar nutrients having a different purity grade or obtained from different sources (e.g., alimentary sucrose and fertilizers) has allowed the production costs to be cut dramatically by an estimated 1000 times, as cited above.
The fungus proved to be suitable for growth under shaken conditions in a bioreactor. The formation of a dense mass that could block the rotation of the blades was avoided by increasing the amount of germinating conidia used as inoculum and by adding Tween to the medium in order to keep the fragments separated and to prevent adhesion to the glass flask. A further improvement was obtained in the bioreactor by increasing the speed to high rpm blades and walls to return into suspension and continue to grow. An important aspect to be considered further is the speed of rotation. If on one side rotation is fundamental in a fermentation system, on the other side the fungus proved to be very sensitive to the high rpm, which negatively influenced its growth. Not all the different nutrients used proved to be suitable for fungal growth. The use of the cellophane disks placed on PDA plates allowed a better yield compared with the standard plates. The use of wheat-bran led to a much higher yield of conidia that could be easily harvested. The use of hydrogels allowed the fungus to grow well. After harvesting, pellets were collected and placed on PDA plates, where they developed many hyphae that quickly started producing picnidia. The production of the toxin mixture was comparable with the productions obtained in the more traditional systems (static and liquid free mycelium) [22] .
Ecotoxicological characterization of a mycoherbicide A. caulina toxin mixture:
To assess the commercial potential of A. caulina toxin mixture (ACTs), it is necessary to increase knowledge regarding the environmental behaviour of these toxins, and in particularly their effects on non-target organisms. Therefore the acute and chronic effects of ACTs on non-target organisms were evaluated in the laboratory. . On the other hand, for D. magna, the ACTs can be categorised in acute class III and chronic class II, respectively (hazardous to aquatic environment). The results obtained in both acute and chronic toxicity tests with Eisenia foetida indicated a very low toxicity of ACTs for terrestrial organisms. In general, the comparison of the ecotoxicological profile of ATCs with other herbicides has shown a lower ecotoxicity for the tested mixture [24] .
Phytotoxins produced by Phoma chenopodiicola
Isolation and structure determination of chenopodolin: More recently, another pathogenic Sphaeropsidales, Phoma chenopodiicola, was proposed as a potential mycoherbicide for the control of the same weed. Considering that both leaf and stem pathogenic Sphaeropsidales are well known as toxin producers, it was considered worthwhile to study the production of toxic metabolites by P. chenopodiicola. A new phytotoxic unrearranged ent-pimaradiene diterpene, named chenopodolin (8, Scheme 6), was isolated from the liquid culture of Phoma chenopodiicola. The structure of chenopodolin was established by spectroscopic (1D and 2D NMR) and HRESI MS methods as (1S,2S,3S,4S,5S,9R,10S,12S,13S)-1,12-acetoxy-2,3-hydroxy-6-oxopimara-7(8),15-dien-18-oic acid 2,18-lactone. The relative configuration of 8 was determined by X-ray analysis. It crystallizes in the orthorhombic P 2 1 2 1 2 1 space group. An ORTEP view of the molecule is shown in Scheme 7. Bond lengths and angles in 8 are in the normal range. The molecule consists of a pimarane skeleton that comprises two saturated six-membered rings (A and C in Scheme 6) and one six-membered ring with one double bond (B ring in Scheme 6). The C7-C8 and C15-C16 bond lengths [1.355(7) and 1.299(8) Å, respectively] confirm the presence of a double C=C bond in the B ring and of an ethylene moiety at C13. Ring A has a 2,4--lactone moiety, which forces the ring into a chair conformation. The presence of this bridge forms a five-membered ring (D in Scheme 6). The saturated rings A and C adopt a chair conformation while ring B, which contains a double bond, is in a twisted conformation with C5 and C10 pointing up and down from the plane formed by C6/C7/C8/C9. Ring A is trans fused with the B cyclohexene ring through C5 and C10. These conformational characteristics resulted in an overall molecular flat shape. The five membered D ring is in the envelope conformation with the C3 atom flipped away from the C2/O3/C18/C4 plane. Nine stereogenic centers are present in the molecule at C1,C2,C3,C4,C5,C9,C10,C12 and C13, respectively, whose relative configuration is S*,S*,S*,S*,S*,R*,S*,S*,S*.
To assign the absolute configuration, chenopodolin (8) was converted in the 3-O-p-I-benzosulphonyl ester (9, Scheme 6) by a standard reaction with the corresponding chloride. This is the correct structure of derivative 9 in respect to the wrong one previously reported for drawing mistake [25] . The IR spectrum of 9 showed the absence of a hydroxy group while the 1 H NMR spectrum differed from that of 8 by the downfield shift of H-3 ( 0.84) appearing as a singlet at  4.98 and for the presence of a signal system typical for a p-disubstituted benzene ring with two doublets (J = 8.7 Hz) at  7.95 (H-2',6') and 7.56 (H-3',5'), respectively. Its ESIMS showed the potassium [M+K] + and the sodium [M+Na] + clusters, and the pseudomolecular ion [M+H] + at m/z 751, 735 and 713, respectively. Unfortunately, after several attempts using different solvents and conditions, 9 did not produce crystals suitable for X-ray analysis. For this reason only the 3-O-p-I-benzosulfonyl ester was used, together with the other derivatives as reported below, to carry out the structure-activity relationship study. The absolute configuration of 8 was determined by applying a modified Mosher's method [26] . Chenopodolin (8) was converted into the corresponding diastereomeric S-MTPA and R-MTPA monoesters at C-3 (10 and 11, Scheme 8) by reaction with R-(-)--methoxy-trifluoromethylphenylacetyl (MTPA) and S-(+)-MTPA chlorides, and their spectroscopic data were consistent with the structure O-R-MTPA (11) from that of 3-O-S-MTPA (10) esters, the  (10-11) values for all of the protons were determined. The positive values were located on the right-hand side, and those with negative values on the left-hand side of the model A, as reported in Othani et al. [26] .
This model allowed the assignment of the S configuration at C-3. Consequently, the S configuration was assigned to C-1, C-2, C-4, C-5, C-10, C-12 and C-13, and the R configuration to C-9. Compound 8 was formulated as (1S,2S,3S,4S,5S,9R,10S,12S,13S)-1,12-acetoxy-2,3-hydroxy-6-oxo-ent-pimara-7(8),15-dien-18-oic acid 2,18lactone [25] . Chenopodolin belongs to the group of tricyclic and tetracyclic unrearranged pimarane diterpenes of natural origin, such as sphaeropsidins [27] smardaesidins [28] oryzalexins [29] [30] [31] and momilactones [32] , widely produced by fungi as phytotoxins or antifungal compounds, or by plants as phytoalexins, as observed in rice diseased by the fungus Pyricularia oryzae. Recently, some of these compounds were shown to have very interesting antitumor activities [28, 33] .
Biological activity of chenopodolin and structure-activity relationships study:
Five key derivatives (9 and 12-15, Scheme 6) were prepared starting from chenopodolin (8) by chemical modification of its functionalities to carry out structure activity relationship studies, assaying their phytotoxic and antimicrobial activities compared with the parent toxin [26] . When applied by puncture to detached leaves of Mercurialis annua, Cirsium arvense and Setaria viride (two dicots and one monocot species, respectively), 8 caused the appearance of circular necrotic lesions (4-5 mm diameter), which were much larger (6-7 mm) when applied by infiltration under the leaf epidermis. Among the derivatives tested (9 and 12-15), only 13 caused necrosis, but less than (2-3 mm) 8. These results showed that the hydroxy group at C-3, the -unsaturated ketone at C-6, and probably the vinyl group at C-13 are important features for the activity. The acetyl group at C-1 does not affect the phytotoxicity. None of the compounds showed any antibacterial or antifungal activities when assayed on microorganisms up to 100 µg/disc. During the bioassay-driven purification the fractions containing 8 were toxic to the same plants reported above and this guided the purification of the main metabolite. However, the extract obtained from the initial culture filtrates proved to be much more phytotoxic than 8, and it is possible that it could have synergistic effects with other compounds present [25] .
Isolation and structure determination of chenopodolans A-C:
Successively from the organic extracts of the same fungus, three new tetrasubstituted furopyrans, named chenopodolans A-C (16-18, Scheme 8), were isolated together with the well known fungal metabolite (-)-(R)-6-hydroxymellein (22, Scheme 8) .
The structures of chenopodolans A-C were established by spectroscopic (essentially 1D and 2D NMR), HR ESIMS and chemical methods as 2-(3-methoxy-2,6-dimethyl-7aH-furo [2,3b] pyran-4-yl)-butane-2,3-diol, 1-(3-methoxy-2,6-dimethyl-7aHfuro [2,3-b] pyran-4-yl)ethanol and 3-methoxy-2,6-dimethyl-4-(1methylpropenyl)-7aH-furo [2,3-b] pyran [34] .
The structure assigned to 16 was confirmed by preparing the 11-Oacetyl derivative (19, Scheme 8) by routine acetylation with pyridine and acetic anhydride. The IR spectrum of 19 showed the typical band of the acetoxy group together with that of the tertiary hydroxy group. Its 1 H NMR spectrum differed from that of 16 only for the downfield shift of H-11 ( 1.12), which appeared as a quartet (J = 6.4 Hz ) at  5.00, and for the presence of the singlet of the acetyl group at 2.08. Its ESIMS showed the dimeric sodiated form [2M+Na] + , and the potassium [M+K] + and sodium [M+Na] + clusters at m/z 643, 349 and 333, respectively. By loss of H 2 O the last ion generated the peak at m/z 315. The APCI mass spectrum showed the pseudomolecular ion [M+H] + at m/z 311; this latter produced the ions at m/z 293 and 233, by successive losses of H 2 O and AcOH, respectively. The absolute configuration R to the hydroxylated secondary carbon (C-10) of the side chain at C-4 of chenopodolan A was determined by applying an advanced Mosher's method [25] preparing the diasteromeric esters (20 and 21, Scheme 10) by reaction of chenopodolan A with S-MTPA and R-MPTA chlorides and comparing their 1 H NMR properties as above reported for chenopodolin [26] .
Chenopodolans B and C differed from chenopodolan A by the side chain attached to C-4. In chenopodolan B, this chain is a 1-ethanol, as shown by comparison of its 1 H and 13 C NMR data with those of 16. In fact, the data of COSY, HSQC and HMBC spectra of 17, which showed the signals for the same tetrasubtituted furopyran moiety, were very similar to those of 16, which allowed the location of the side chain at C-4. However, instead of the signal systems of the 2,3-butanediol the signals typical for the 1-ethanol residue were observed. So, chenopodolan B could be formulated as 1-(3methoxy-2,6-dimethyl-7aH-furo[2,3-b]pyran-4-yl)ethanol.
The structure assigned to 17 was supported by the data from its MS. The HRESI MS showed the dimeric sodiated form [2M+Na] + , and the potassium [M+K] + and sodium [M+Na] + clusters at m/z 471, 263, 247.0934, respectively. The last one, by loss of H 2 O, generated the ion at m/z 229. The APCI mass spectrum showed [M+H] + the pseudomolecular ion at m/z 225 and this latter, by loss of H 2 O, generated the ion at m/z 207.
Chenopodolan C (18) showed a 1-methylpropenyl side chain attached to C-4. In fact, the comparison of its 1 H and 13 C NMR data, based also on the COSY, HSQC and HMBC couplings, with those of 16 showed that the signals of the same tetrasubstituted furopyran moiety were very similar and supported the location of the side chain at C-4. Furthemore, in the 1 H NMR spectrum the signals of the 2,3-butanediol were absent while those for a 1-methylpropenyl residue side chain were observed. So that, chenopodolan C could be formulated as 3-methoxy-2,6-dimethyl-4-(1-methylpropenyl)-7aH-furo [2,3-b] The only naturally occurring compound close to chenopodolans is aracemosolone, isolated from root bark of Bauhinia racemosa Lamk [35] . Some heteroannelated furopyrans were synthesized as herbicides [36] .
Biological activity of chenopodolans A-C:
Assayed on punctured detached leaves of Sonchus oleraceus, M. annua and C. album, chenopodolan B proved to be the most effective, causing spreading necrosis on all three plant species tested (data not shown). Chenopodolan A and 11-O-acetylchenopodolan A (19) proved to have almost the same toxicity, being active in particular against S. oleraceus and M. annua. Chenopodolan C (18) was completely inactive. These results showed that the side chain attached to C-4 is an important feature for the phytotoxicity. In particular, the presence of the tertiary hydroxy group in 16 (C-10), which is secondary in 17 (C-9), is very important for the activity. The activity of 11-O-acetylchenopodolan A (19) further supported this result, because in this derivative the secondary hydroxy group was acetylated only at C-11 whilst it is free at C-10.
In the assay for zootoxicity (A. salina L.), only chenopodolan B was weakly active, causing around 24% larval mortality after 48 hours of exposure to the metabolite. All the other compounds were inactive. Assayed on fungi (G. candidum) and Gram-positive (Bacillus subtilis) and Gram-negative (E. coli) bacteria, none of the metabolites showed antimicrobial activities. Chenopodolans A and B could have additive phytotoxic activities with chenopodolin and (-)-(R)-6-hydroxymellein produced by the same fungus [34] . Furopyrans are very rare as naturally occurring compounds. Thus, considering the unusual structures associated with the preliminary biological activities, it seems that the new compounds deserve further attention for better understanding their biological properties and to evaluate their potential as lead compounds for novel herbicides of natural origin.
In conclusion, from the two different fungi A. caulina and P. chenopodiicola, proposed for the biocontrol of C. album, chemically and biologically characterized phytotoxins with original carbon skeletons were isolated belonging to different classes of natural compounds. For some of these, either structure-activity relationships or the mode of action were investigated, as well as their toxicological activity. The possibility to scale up the production of some phytotoxins using a bioreactor was inexpensive and support their practical application as natural herbicides. 
